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ABSTRACT 52 
The ability of trees to remodel their woody structure after injury or strain to outer tissues 53 
greatly assists in their survival; however, this remodelling process is complex because it is 54 
influenced by many factors.  The speed and extent of remodelling of branch junctions in trees 55 
around a mechanical flaw such as included bark will dictate to what extent and for how long 56 
the junction is mechanically weakened.  57 
In this study, 100 normally-formed bifurcations in semi-mature hazel (Corylus avellana L.) 58 
were artificially modified by being rod-braced, drilled through the apex or split, and then left 59 
to grow in-situ. Two further groups: 120 normally-formed bifurcations and 70 bark-included 60 
bifurcations: were identified as controls.  After two to four years these bifurcations were 61 
harvested and underwent tests of their bending strength.  The bifurcations rigidly-braced 62 
over three growing seasons developed adverse taper in their branches and had only 70.5% of 63 
the bending strength of the normally-formed bifurcations.  Bifurcations with the central 20% 64 
of the xylem drilled out of them were capable of recovering fully from this defect; in contrast, 65 
split bifurcations were found to be highly vulnerable to failure during wind-loading events. 66 
This study concludes that a bifurcation may be considered compromised in its bending 67 
strength if its apex is compromised, but that semi-mature bifurcations in hazel do exhibit a 68 
good ability to remodel after injury. The role of thigmomorphogenesis in this remodelling 69 
process is assessed with reference to the rod-braced specimens that suffered no significant 70 
mechanical perturbation at their apices.  71 
 72 
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INTRODUCTION 77 
 78 
In response to mechanical perturbation, plants undergo the process of thigmomorphogensis, 79 
whereby plant growth adapts in response to strains experienced by the plant’s tissues (Jaffe 80 
and Forbes, 1993; Coutand, 2010; Telewski, 2012).  Mechanosensing and subsequent 81 
adaption of plant growth is well-reported for plant height and form, the modification of the 82 
shapes of leaves, peduncles, petioles and the selective thickening of the branches and stems 83 
of plants (Whitehead, 1963; Jaffe, 1973; Grace, 1977; Biro et al., 1980; Braam and Davis, 84 
1990; Farnsworth and Niklas, 1995; Pruyn et al., 2000; Telewski, 2006).  It can be surmised 85 
that the majority of plant structures are likely to have this ability to respond to strain, 86 
including the junctions of the aerial parts of woody plants. Indeed, Jungnikl et al. (2009) 87 
found substantial adaptation to the tissues of junctions in Pinus using wide angled x-ray 88 
scattering to determine micro-fibril angle differences and CT scanning to uncover wood 89 
density differences.  These analyses showed substantial modifications to the scanned branch 90 
junctions where stresses acting on these junctions would be heightened. 91 
Thigmomorphogensis is triggered by the strain experienced by meristematic cells (Philipson 92 
et al., 1971; Telewski, 2006; Monshausen and Haswell, 2013).  In trees and other woody 93 
plants, thigmomorphogenesis can be a local phenomenon to parts of their structure, with 94 
secondary thickening occurring fastest where the highest mechanical strains are 95 
experienced (Steucek and Kellogg, 1972; Mattheck and Linnard, 1998).  It is important, 96 
however, to note that remodelling within woody plants may be for a range of functions and 97 
that mechanical strain is only one potential influence upon how a plant’s structure 98 
develops.  In woody plants, sapwood serves a range of functions (Gartner, 1995; Badel et 99 
al., 2015), not solely the structural support of the plant’s stems and branches, and 100 
remodelling responses to a defect formed in the sapwood of a woody plant are potentially 101 
complex.   102 
 103 
Junctions in the aerial parts of trees are considered to be potential failure points by 104 
arboriculturists (Shigo, 1981; Lonsdale, 1999), although scientific studies of the bending 105 
strength of such junctions have been restricted to static testing for practical reasons (Gilman, 106 
2003; Kane et al., 2008; Slater and Ennos, 2013).  Static testing, in contrast to the dynamic 107 
movement of plants under natural loading, involves the application of a fixed load or a fixed 108 
rate of displacement in order to assess the strength of a component of a plant’s structure, 109 
and results from such tests need careful interpretation when related back to ‘real world’ 110 
performance of such components. A greater understanding of the biomechanical behaviour 111 
of such junctions and their ability to remodel around a defect would assist in tree 112 
management and the prediction of tree failures. 113 
An anatomical model for junctions in trees has been outlined by Slater et al. (2014) based 114 
upon visual observation of the grain patterns found at junctions of 20 tree and shrub species.  115 
This model was supported by CT scanning of bifurcations in common hazel (Corylus avellana 116 
L.) to observe the orientation of vessels, rays and fibres at the bifurcation apex.  This 117 
anatomical model emphasises the importance of the xylem lying under the branch bark ridge 118 
as the main contributor to the bending strength of bifurcations, with the xylem tissues in this 119 
location typically being denser and exhibiting fewer vessels of a smaller diameter and shorter 120 
length when compared with adjacent xylem in the stem (Slater et al., 2014).   121 
Slater et al. (2014) also describe how the wood grain pattern formed at the bifurcation apex 122 
results in some degree of interlocking of the grain such that wood fibres need to be stretched 123 
axially or pulled out of the tissue matrix along their length in order to break the bifurcation 124 
apart (Fig. 1).  In mature limbs of many temperate tree species, whirled grain can be found 125 
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at the apex of junctions (Lev-Yadun and Aloni, 1990) as a subsequent development of this 126 
initial interlocking pattern (Fig. 1b). 127 
 128 
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Figure 1: A: Interlocking wood grain pattern at the apex of a junction of common ash (Fraxinus 129 
excelsior L.), as exposed by de-barking. B: Wood grain pattern at the apex of a bifurcation of 130 
common oak (Quercus robur L.) incorporating whirled grain.  C: Diagrammatic representation 131 
of interlocking wood grain in a normally-formed bifurcation in a woody plant, based upon the 132 
anatomical model of Slater et al. (2014) with inset displaying a basic interlocking pattern of 133 
wood grain incorporating whirled grain 134 
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 135 
It is a common occurrence, however, that bark is included in such bifurcations during their 136 
development. These bark-included bifurcations are weaker under static loading than 137 
normally-formed bifurcations (Kane et al., 2008; Slater and Ennos, 2015).  In addition, if the 138 
apex of a bifurcation consists of bark then that bark could act as a barrier to the future 139 
development of a normally-formed connection consisting of this denser tortuous sapwood.    140 
In this study, we investigated the ability of bifurcations in hazel trees to remodel around 141 
artificially-induced defects.  Previous work by Steucek and Kellogg (1972) in Norway spruce 142 
(Picea abies (L.) H. Karst.) identifies that trees remodel around such defects and 143 
discontinuities partially due to heightened stress levels at the location of the induced defect 144 
and partly due to the partial girdling that has occurred.  Hazel (Corylus avellana L.) was 145 
selected as the test subject for this study because the authors have carried out a series of 146 
complementary investigations into the anatomy and biomechanical properties of bifurcations 147 
in this species. 148 
For this study, we investigated the loss of bending strength to these bifurcations caused by 149 
artificial wounding, comparing them to both normally-formed and bark-included bifurcations 150 
grown in the same location.  The three artificial defects studied were fixed-rod bracing of the 151 
two branches arising from bifurcations, the drilling out of the centrally-placed xylem at the 152 
apex of bifurcations and the splitting of the apex of the bifurcation by pulling the two 153 
branches apart from each other.   154 
It was hypothesized that the braced bifurcations, in the absence of them experiencing 155 
mechanical perturbation at their apices, would become weaker over time.  It was further 156 
hypothesized that the drilled-out and split bifurcations would remodel around their 157 
artificially-induced defects, recovering their bending strength over time.  Overall the study 158 
aimed to provide evidence that mechanical loading was a key factor in the development of 159 
strength in these bifurcations, as well as identifying the typical pattern of anatomical 160 
remodelling that occurred around these defect types. 161 
 162 
MATERIALS AND METHODS 163 
 164 
Selection of hazel bifurcations 165 
A wind-exposed semi-mature shelterbelt consisting of a mix of broadleaves species which 166 
contained semi-mature hazel trees was selected for this experiment.  The planted area was 167 
on the southern boundary of the campus of Myerscough College, Lancashire, England – grid 168 
reference: SD497399 (Easting 349711, Northing 439982).  The trees in this shelterbelt were 169 
planted as 3-year-old bare-rooted stock in 2004, making the hazel trees 13 years of age by 170 
the end of this study.  All the bifurcations used for this experiment were formed less than two 171 
metres above ground level; this facilitated their modification by bracing, drilling or splitting 172 
and ensured that the age and diameters of these bifurcations were similar.   173 
Bifurcation selection was biased towards choosing bifurcations with a high diameter ratio 174 
(80%+), as expressed by the percentage difference between the diameters of the thinner 175 
branch to the thicker branch arising from the bifurcation and as measured proximal to the 176 
bifurcation.  Bifurcations were also selected so that both branches and the parent stem were 177 
ascending, all of them forming a relatively upright Y-shape, with no other significant 178 
branching to be found above or below 200 mm of the bifurcation apex.  No more than three 179 
Slater and Ennos (2015) Remodelling of braced, drilled and split hazel forks 
bifurcations were selected in the crown of any one hazel tree, which resulted in a random 180 
scattering of sample collecting along the 450 metre length of the shelterbelt. 181 
 182 
Modifications to the hazel bifurcations  183 
 184 
In December 2010 an initial experiment was devised whereby 50 hazel bifurcations had the 185 
centre of their apex drilled out and were left to develop over two to four years (Fig. 2b).  The 186 
drill bit size was selected for each bifurcation so that 20% of the width of the apical tissues 187 
were removed (Table 1) based on a measurement of the parent stem perpendicular to the 188 
bifurcation  and just below the bulge formed by the branch bark ridge (PS2, Fig. 4).   189 
This drilling scheme matches that carried out by Slater and Ennos (2013) on bifurcations of 190 
hazel that were tested to determine the contribution of the centrally-placed xylem to the 191 
bending strength of such bifurcations.  However, in this experiment, these drilled bifurcations 192 
were left in-situ, attached as a component of the tree, to assess whether and how the 193 
bifurcations would re-model around the induced defect of the drill hole.  Each drill hole made 194 
was filled with silicon sealant which facilitated identification of these modified bifurcations 195 
when they were mechanically tested, and each was sprayed with a standard fluorescent 196 
forestry marking paint so that they could be identified and harvested at a later date.  In 197 
addition, 50 normally-formed bifurcations were also selected and spray-painted within the 198 
same wooded area, to act as a control of the bending strength of unmodified bifurcations. 199 
 200 
Table 1: Determination of drill size for hazel bifurcations modified by drilling, based upon the 201 
diameter of the parent stem, measured just below the termination of the branch bark ridge and 202 
perpendicular to the bifurcation 203 
Diameter of parent 
stem (mm) 
perpendicular to 
bifurcation 
Drill size used upon 
bifurcation 
Up to 22.5 4 mm 
22.5 – 27.49 5 mm 
27.5 – 32.49 6 mm 
32.5 – 37.49 7 mm 
37.5 – 42.49 8 mm 
42.5 – 47.49 9 mm 
47.5 + 10 mm 
 204 
In December 2011 the replicate number and scope of this experiment was expanded.  A total 205 
of 50 further hazel bifurcations were artificially altered; 25 bifurcations had a 3 mm diameter 206 
steel rod fixed by bolts and washers fitted through the centre of both branches approximately 207 
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70 mm above the bifurcation to conjoin these branches (Fig. 2a); a further 25 bifurcations 208 
were carefully split by hand so that a crack (approximately half the length of the branch bark 209 
ridge) was induced at the bifurcation apex by bending the two branches above the bifurcation 210 
away from each other (Fig. 2c).  The braced bifurcations were typically of a larger size (as 211 
measured by the parent stem diameter) than the mean of all the bifurcations at the start of 212 
the experiment, because of the need for the two branches of the bifurcation to be thick enough 213 
to accept the bracing rod and remain intact.   214 
It was also determined at this time to add a further 70 normally-formed bifurcations to the 215 
original 50 normally-formed bifurcations, and also to identify in this shelterbelt 70 bark-216 
included bifurcations for rupture testing.  All additions were also marked with colour-coded 217 
fluorescent forest marking paint to aid their re-identification upon harvesting.   218 
It was considered that a greater number of normally-formed bifurcations were required, as 219 
some would be subsequently drilled immediately prior to mechanical testing to compare with 220 
those drilled bifurcations that were left in-situ to grow and had remodelled around their drill 221 
hole due to subsequent secondary growth.  By increasing the replicates within the normally-222 
formed group it was also hoped to reduce the variability in the mean breaking stress in that 223 
group, providing a better comparison between treatment types.  The bark-included 224 
bifurcations were added as a group type to compare with the extent of any strength loss in 225 
the artificially modified bifurcations and thus give additional context to our results.  226 
 227 
A B C 
   
Figure 2: Artificially-modified bifurcations left to grow in-situ for two to four years: A: Diagram 228 
of rod-bracing created in 25 hazel bifurcations.  B: Diagram of drill hole created in 50 hazel 229 
bifurcations. C: Diagram of split created in 25 hazel bifurcations 230 
A summary of the different types of bifurcation investigated is provided in Table 2: 231 
 232 
  233 
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Table 2: Bifurcation types tested, research related to each type, numbers of replicates for each 234 
type, year of modification and associated growing seasons prior to mechanical testing   235 
Name of 
bifurcatio
n type 
Descriptio
n 
Factor 
assessed 
No. of 
replicate
s 
Year of 
artificial 
modificatio
n 
Growing 
seasons 
between 
modificatio
n and 
testing 
Bark-
included 
Naturally-
occurring 
bifurcations 
with bark 
found to be 
incorporated 
within the 
apex of the 
bifurcation 
(Fig. 6) 
Effect of 
bark 
obstructing 
the normal 
anatomical 
connection 
at a 
bifurcation 
70 Not modified N/A 
Braced Normally-
formed 
bifurcations 
modified by 
the conjoining 
of the two 
branches 
above the 
bifurcation 
with a 3 mm 
steel rod fitted 
through both 
branches, 
with a 7 mm 
washer and 
nut fitted at 
each end of 
the rod. These 
were left to 
grow within 
the tree’s 
crown for 
three years 
prior to 
testing (Fig. 
1a) 
Effect upon 
remodelling 
by 
completely 
preventing 
mechanical 
perturbation 
at the apex 
of the 
bifurcation 
25 2011 3 
Newly-
drilled 
Normally-
formed 
bifurcations 
drilled at their 
apices using a 
drill-size as 
defined in 
Table 1, 
immediately 
prior to 
Effect of 
removing 
centrally-
placed 
interlocking 
xylem at the 
60 2015 0 
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mechanical 
testing (Fig. 
1b) 
apex of the 
bifurcation 
Normally-
formed 
Naturally-
occurring 
bifurcations 
with no flaws 
observed in 
morphology  
To act as a 
benchmark 
for all other 
modification
s 
60 Not modified N/A 
Pre-drilled Normally-
formed 
bifurcations 
modified by 
drilling at 
their apices 
using a drill-
size as 
defined in 
Table 1, and 
left to grow 
within the 
tree’s crown 
for two or four 
years prior to 
testing (Fig. 
1b) 
Effect of 
remodelling 
after the 
removal of 
the 
centrally-
placed 
interlocking 
xylem at the 
apex of the 
bifurcation 
50 2010 2 and 4 
Pre-split Normally-
formed 
bifurcations 
modified by 
carefully 
splitting the 
apex by hand, 
by bending 
away from 
each other the 
two arising 
branches.  
These were 
left to grow 
within the 
tree’s crown 
for three 
years prior to 
testing (Fig. 
1c) 
Effect of 
remodelling 
after the 
cracking of 
the top part 
of the 
bifurcation 
25 2011 3 
 236 
Observations 237 
Prior to harvesting of the bifurcations in 2013 and 2015, basic observations were recorded of 238 
the condition and morphology of the selected bifurcations, including any swellings associated 239 
with the artificially-modified bifurcations and also whether bifurcations had failed in-situ, 240 
prior to harvesting, within the shelterbelt.    241 
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 242 
Mechanical testing 243 
In January 2013, after two growing seasons, twenty-one of the bifurcations that were drilled 244 
in December 2010 and fifty of the normally-formed bifurcations were cut from the trees in 245 
order to carry out mechanical testing.  The bifurcations were cut so that there was a minimum 246 
length of 220 mm of both branches and at least twice the length of the branch bark ridge of 247 
the parent stem on each bifurcations.  The bifurcations were wrapped in individual plastic 248 
bags immediately after cutting to minimise sap loss, and were stored in a cold store kept at 249 
2 °C prior to rupture testing. 250 
Twenty-five of the normally-formed bifurcations had the centre of their apex drilled 251 
immediately prior to rupture testing, using the drill sizes as defined in Table 1. 252 
A six millimetre hole was drilled perpendicular to the plane of the bifurcation in the middle 253 
of both branches of each bifurcation, approximately 200 mm from the bifurcation apex, and 254 
then it was bolted to the crosshead and base of an InstronTM universal testing machine (UTM) 255 
Model 4301 fitted with a 1 kN load cell (Fig. 3). The crosshead of the testing machine was 256 
then made to rise at a rate of 35 mm min-1 until each bifurcation was broken, whilst an 257 
interfacing computer recorded the displacement (in millimetres) and force applied (in 258 
Newtons) at a rate of 10 measurements per second.   259 
 260 
 261 
Figure 3: Diagram of the means of attachment of the bifurcations to the InstronTM Universal 262 
Testing Machine during the rupture tests 263 
After this testing, careful observation was made by eye of the fracture surfaces of all 264 
bifurcations, in relation to their morphology and appearance. 265 
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In order to estimate their breaking stress, the following measurements were taken for each 266 
bifurcation: the diameter of both branches adjacent to the apex of the bifurcation 267 
perpendicular and in-line with the plane of the bifurcation (A1, A2, B1 and B2); the diameter 268 
of the parent stem just below the branch bark ridge, perpendicular and in-line with the plane 269 
of the bifurcation (PS1 and PS2); and the distances between the two drill holes in the two 270 
branches and between both drill holes and the apex of the bifurcation (a, b and c) (Fig. 4). 271 
 272 
 273 
Figure 4: Measurements taken on each bifurcation in order to calculate its breaking stress: 274 
distances between the two drill holes and between each drill hole and the apex of the 275 
bifurcation (a, b and c) measured using a metal rule: diameters of the two branches just above 276 
the bifurcation apex, both in-line with the plane of the bifurcation (A1 and B1) and 277 
perpendicular to the plane of the bifurcation (A2 and B2 (not shown on 2D image)), and the 278 
diameter of the parent stem (PS) just below the branch bark ridge, both in the plane and 279 
perpendicular to the plane of the bifurcation measured using digital callipers 280 
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This method of rupture testing of hazel bifurcations was used by Slater and Ennos (2015), 281 
when they assessed the strength of hazel bifurcations containing bark-inclusions, and the 282 
same equations were used to estimate the breaking stress of the bifurcations as are reported 283 
in this previous paper.  284 
To assist with comparing the relative strength of the bifurcations, three-point bending tests 285 
of the smaller diameter branch of the bifurcation were carried out, testing the yield strength 286 
of the middle of each branch whose structure had not been compromised by the rupture 287 
testing.  The span for these branches was set at 215 mm for branches up to 20 mm in 288 
diameter and 275 mm for branches up to 23 mm in diameter, and the cross-head of the 289 
Instron, fitted with a semi-circular plastic probe, pressed down on the branch at a rate of 30 290 
mm min-1 until the branch yielded substantially, with the interfacing computer recording 291 
force, displacement and calculating the yield strength of each branch tested.  This procedure 292 
was used successfully in previous testing (Slater and Ennos, 2013; Slater and Ennos, 2015)  293 
Due to limitations of the testing machine in terms of the span length that could be used and 294 
the maximum load (900 kN) that could be applied, branches with a mid-diameter of over 23 295 
mm could not be tested to their yield point.  Careful observations of the yielding of each 296 
branch was undertaken, as these shorter spans could have resulted in shear failures 297 
(Vincent, 2012) which could have invalidated some of the test specimens; however, no shear 298 
failures were observed to occur in these test specimens.  299 
In February 2015, after four growing seasons for the original set of drilled bifurcations and 300 
three growing seasons for the braced and split bifurcations, all the remaining bifurcations 301 
were cut from the hazel trees and subjected to the same method of bagging, storage and 302 
rupture testing.  A different InstronTM testing machine (Model 3344) had to be used for this 303 
second set of mechanical tests, as the original UTM had suffered a breakdown in the two year 304 
period between these two tests.  The parameters of the rupture tests were the same in nearly 305 
all respects; however, the rate of displacement was increased to 50 mm min-1, due to the large 306 
number of bifurcations that had to be processed.  This higher rate of displacement for this 307 
second set of tests did not make any discernible difference to the kinematics of failure. 308 
The bifurcations with bark included within them were classified after testing in terms of the 309 
relative occlusion of the bark into the bifurcation, giving rise to three types of bark inclusion: 310 
embedded, cup-shaped and wide-mouthed (Fig. 5).  This classification of bark-inclusions was 311 
used by Slater and Ennos (2015), who identified significant differences in breaking stress 312 
between these three morphological types of bark-included bifurcation in hazel.  For each 313 
braced bifurcation tested, bolt cutters were used to cut the steel rod that conjoined their two 314 
branches in two places prior to testing.   315 
 316 
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 317 
Figure 5: Diagrams and images defining three morphological types of bark-included junctions in 318 
hazel, based on observations of the fracture surfaces of bifurcations.  Embedded bark is 319 
surrounded entirely by xylem, the bark having been occluded into the junction.  A cup-shaped 320 
bark inclusion has sapwood formed around included bark which lies at the centre of the join – 321 
there is sapwood at the apex of the bifurcation rather than bark.  A wide-mouthed bark 322 
inclusion has a substantial width of included bark at the apex of the bifurcation, situated above 323 
any connecting sapwood 324 
Wood density testing 325 
Wood density tests were carried out on small samples of the xylem excised from the apices, 326 
from the side of the bifurcations adjacent to their apices and from the parent stems of all the 327 
bifurcations tested in 2015.  The purpose of this testing was to ascertain if the remodelling 328 
around the induced defects also affected the mechanical qualities of the new wood being laid 329 
around these defects. Both braced and normally-formed bifurcations could provide xylem 330 
from all three locations, whereas the drilled or split bifurcations and those with included bark 331 
could only supply xylem samples from the side of the bifurcation apex and the stem (Fig.s 332 
2b, 2c and 6).  Samples were cut using a pull saw and billhook blade, their fresh weight taken 333 
and their volume calculated by measuring the displacement weight when each sample was 334 
immersed in distilled water on a weighing scales.  The mean volume of these samples for this 335 
wood density test was 444.4 mm3 ± 8.4 SE (standard error).   336 
The samples were then oven dried for 96 hours at 60 °C and their dry weight recorded.  Given 337 
the small size of the samples, this length of drying time was considered sufficient. Wood 338 
density was calculated by dividing the dry weight of each sample by the volume of the sample 339 
(Hughes, 2005). 340 
 341 
Statistical analysis 342 
All statistical tests were carried out using MiniTab® version 17. 343 
 344 
A Χ2 test was used to assess whether there were differences in modes of failure for the 345 
bifurcation types. 346 
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 347 
For comparisons between bifurcation types, and for sub-sets within each bifurcation type, 348 
General Linear Model (GLM) ANOVAs were used to find differences in mean breaking stress, 349 
with the parent stem diameter (PS1) and the diameter ratio of the bifurcations as covariates 350 
where appropriate, in combination with a post-hoc Tukey test at a 5% confidence level.  351 
Residuals were assessed for the normality of their distribution using the Anderson-Darling 352 
test. For the ANOVA assessing the bending strength of all types of bifurcations (Fig. 7), 353 
residuals of the transformed data satisfied the Anderson-Darling test for normality (AD299 = 354 
0.695; p = 0.07).  Likewise, for the ANOVA assessing the bending strength of different types 355 
of bark-included bifurcations, residuals satisfied the Anderson-Darling test for normality 356 
(AD66 = 0.359; p = 0.441). For the ANOVA assessing the pre-drilled bifurcations (Fig. 9) the 357 
residuals satisfied the Anderson-Darling test for normality (AD94= 0.698; p = 0.066). 358 
 359 
To determine if the branches of the braced bifurcations exhibited adverse taper a paired t-360 
test comparing the diameter of the branches above the fitted steel brace and at the apex of 361 
the bifurcation was carried out. 362 
 363 
To determine differences between the wood density of samples extracted from the apices 364 
and sides of bifurcations and the adjacent stem wood, a GLM ANOVA with sample volume 365 
as a covariate was used, in combination with a post-hoc Tukey test at a 5% confidence 366 
level.  Residuals were assessed for the normality of their distribution using a Kolmogorov-367 
Smirnov test as the Anderson-Darling test gave a marginal result. Residuals from the 368 
ANOVA assessing differences in wood density satisfied the Kolmogorov-Smirnov test for 369 
normality (KS372= 0.046; p = 0.059).  For assessing the difference between wood density in 370 
normally-formed and braced bifurcations, residuals from this ANOVA satisfied the 371 
Anderson-Darling test for normality (AD100= 0.512; p = 0.191).   372 
 373 
RESULTS 374 
Specimen losses and mean specimen dimensions 375 
 376 
Over the four years of this experiment, a number of the selected bifurcations (20 out of the 377 
total of 290 bifurcations) were lost prior to the mechanical testing.  Fourteen of the 378 
bifurcations were removed from this study in 2012 as a length of the shelterbelt’s edge was 379 
accidently flailed when a neighbouring hedgerow was pruned; the remaining six bifurcations 380 
which were lost could not be found in 2015 due to the bio-degradability of the forestry marker 381 
paint used, as it was concluded that the paint had weathered away. 382 
In addition, two types of the modified bifurcations suffered replicate losses for other reasons.  383 
Seven of the braced bifurcations grew over the three years to a size that was too large for the 384 
testing machine to break them (having started at the upper end of the parent stem diameter 385 
sizes chosen), which reduced this group’s size to 14 testable replicates.  Twenty of the twenty-386 
five split bifurcations suffered wind-induced mechanical failure over the three years they were 387 
in-situ.  For this latter group, observations were subsequently made of these failures and of 388 
the morphology of the five bifurcations that remained. 389 
The mean parent stem diameter (PS1) for the remaining 243 bifurcations was 30.35 mm ± 390 
0.37 SE, the mean diameter of the smaller branch of the bifurcation just above its point of 391 
attachment (b1) was 21.23 mm ± 0.26 SE and the mean diameter ratio for these bifurcations 392 
was 80.98 ± 0.75% SE.  393 
Slater and Ennos (2015) Remodelling of braced, drilled and split hazel forks 
 394 
Observations of bifurcations prior to testing 395 
 396 
Bark-included bifurcations 397 
Ten of the normally-formed bifurcations were found to contain embedded bark, so the data 398 
generated from these 10 bifurcations was moved to the bark-included group for analysis.  To 399 
compensate for the reduction in the group size of the normally-formed bifurcations, the 400 
number of replicates allotted to the newly-drilled group was reduced to obtain a roughly equal 401 
number of replicates within these two groups. The categorisation of the remaining 58 bark-402 
included bifurcations resulted in 36 being identified as wide-mouthed bark inclusions and 403 
22 identified as cup-shaped bark inclusions (Fig. 5). 404 
 405 
Drilled bifurcations 406 
Observations of the pre-drilled bifurcations showed a range of remodelling responses to the 407 
initial drilling of the hole at their apices.  In general, despite some initial dysfunction caused 408 
to adjacent tissues after drilling, additional sapwood had grown around the induced defect 409 
(Fig 6a).  Three of these bifurcations had fully embedded the silicon, surrounding it with new 410 
sapwood after four years of growth, and many more had started to cover over the top of the 411 
drill hole.  In the majority of these bifurcations a general swelling in the location of the branch 412 
bark ridge was evident.  For thirteen of these bifurcations, however, the drill-hole had initiated 413 
the development of included bark at the apex or a larger extent of associated dysfunction 414 
around the original drill-hole had resulted in a failure to occlude the drill-hole.  No significant 415 
volume of decayed xylem was found in any of these bifurcations.  This difference in 416 
development allowed the pre-drilled bifurcations to be classified into three sub-categories to 417 
match the bark-included ones: i) that the silicon in the drill-hole had become embedded; ii) 418 
that the bifurcation was forming a cup-shape around the drill-hole; or iii) that the drill-hole 419 
was still wide open at the bifurcation’s apex. 420 
 421 
Split bifurcations 422 
For the pre-split bifurcations, the high number of replicate losses through wind-induced 423 
failure was investigated.  It was observed that for the five split bifurcations that had persisted 424 
for three years and been subjected to rupture testing, all had split further down the stem 425 
since the initial splitting was carried out in 2013, and the split had been halted either by 426 
encountering a substantial knot in the parent stem (for four of them) or a substantial bend 427 
in the parent stem (in one case only).  The twenty bifurcations that had mechanically failed 428 
had done so due to natural wind-induced movement and subsequent propagation of the 429 
original split down the parent stem, with the split at some point deviating to the edge of the 430 
stem, causing one branch to fall away from the tree. 431 
The propagation of these splits and the failure of so many of this type of bifurcation meant 432 
that this group had to be excluded from any statistical analysis relating to the breaking 433 
stresses of the bifurcations.  An image of the typical surviving pre-split bifurcation is provided 434 
in Figure 7b. 435 
 436 
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Braced bifurcations 437 
It was evident that the installation of the steel rod in 2011 had resulted in abnormal swelling 438 
of the branches at the point of drilling the 3 mm hole needed to fit the brace (Fig. 6c).  All 439 
braced bifurcations exhibited some level of occlusion of the rod, nuts and washers and some 440 
had wholly occluded the nuts and washers.  Measurements were taken of the diameter of the 441 
branches just above each braced bifurcation’s apex, as with all other bifurcations, but also 442 
the branch diameters were measured at the point above the bracing rod and its associated 443 
swelling, to determine if the bracing had resulted in the branches developing adverse taper. 444 
 445 
A B C 
   
 Figure 6: A: Fracture surface of a pre-drilled bifurcation after two growing seasons, showing 446 
the silicon inserted into the initial drill-hole, dysfunction induced in the sapwood around the 447 
drill hole (discoloured area) and the remodelling of the sapwood to form a cup-shaped union; B: 448 
Typical deformation of a pre-split bifurcation, where the crack had subsequently propagated to 449 
a knot in the parent stem and then been arrested; C: Typical deformation of the branches of a 450 
braced bifurcation around the implanted steel rod, after three years of growth, showing adverse 451 
taper in the smaller branch 452 
Mechanical testing 453 
 454 
All bifurcation types 455 
Twelve of the tested bifurcations suffered branch failure, rather than failing at the 456 
bifurcation itself.  To assess bifurcation strength, all those bifurcations that suffered branch 457 
failure were excluded from this part of the data analysis. 458 
A statistical comparison was made of the mean breaking stresses of the main five 459 
bifurcation types and the yield stress of the smaller branches, using a GLM ANOVA and 460 
post-hoc Tukey test after a natural log transformation of the data.  It was found that there 461 
were significant differences between groups (F5,293 = 61.54; R2 = 51.23%; p < 0.001); 462 
pairwise comparisons identified that the branches yielded at the highest mean stress, and 463 
the bark-included and newly-drilled bifurcations broke at the lowest mean stress (Fig. 7).   464 
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 465 
466 
Figure 7: Mean breaking stresses for the main bifurcation types tested (excluding branch 467 
failures) and the mean yield stress of the smaller branches as found by three-point bending.  468 
The pre-split type is not included as its replicate number was too small to be statistically 469 
analysed (n = 2). Error bars represent standard error.  Letters above bars identify significant 470 
differences between groups by using a GLM ANOVA and post-hoc Tukey test at a 5% confidence 471 
limit 472 
Bark-included bifurcations 473 
A comparison between the three sub-types of the bark-included bifurcations in relation to 474 
their mean breaking stress is provided in Figure 8.  A GLM ANOVA (F2,61 = 10.44; R2 = 475 
38.93%; p < 0.001) with diameter ratio and the diameter of the parent stem as covariates 476 
found that there were significant differences between these groups and a post-hoc Tukey 477 
test identified that the wide-mouthed bark-inclusions broke apart at a lower stress than the 478 
other two types.  The diameter ratio was a significant covariate (p < 0.001) in that a higher 479 
diameter ratio resulted in a lower breaking stress, but the parent stem diameter was not a 480 
significant covariate (p = 0.381).   481 
 482 
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 483 
Figure 8: Mean breaking stresses of the three types of bark-included bifurcation tested.  Error 484 
bars represent standard error.  Letters above bars identify significant differences between 485 
groups by using a GLM ANOVA and post-hoc Tukey test at a 5% confidence limit 486 
 487 
The difference in bending strength between these three types of bark-included bifurcations 488 
and the normally-formed bifurcations was a reduction of 9.7% in bending strength for those 489 
with embedded bark, a reduction of 20.2% for cup-shaped bifurcations and a reduction of 490 
35.9% for wide-mouthed bark-included bifurcations. 491 
 492 
Drilled and pre-drilled bifurcations 493 
The mean breaking stress of the newly-drilled bifurcations was 31.45 MPa ± 1.01 SE, 494 
whereas for the pre-drilled bifurcations that were allowed to grow for two growing seasons it 495 
was 32.85 MPa ± 1.85 SE, and for the pre-drilled bifurcations that remodelled around the 496 
drill holes for four growing seasons it was 36.64 MPa ± 2.35 SE.   497 
It was observed that growth responses in the pre-drilled bifurcations were mixed, with some 498 
bifurcations suffering more xylem and cambial dysfunction than others, and some growing 499 
rapidly around the drill-hole with little to no dysfunction evident.  As a consequence, the 500 
pre-drilled bifurcations were placed into three groups corresponding to the classification of 501 
the bark-included group in this study: 3 of the pre-drilled bifurcations had occluded the 502 
drill-hole and were categorised as ‘embedded’, 20 more bifurcations had partly occluded the 503 
drill-hole and were categorised as ‘cup-shaped’ and the remaining 13 bifurcations in the 504 
pre-drilled group exhibited no evidence of occlusion and had suffered dieback related to the 505 
drill-hole; these were categorised as ‘wide-mouthed’.  A statistical comparison between 506 
these groups and the newly-drilled bifurcations is provided in Figure 9. 507 
 508 
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 509 
Figure 9: Mean breaking stresses of the three types of pre-drilled bifurcation tested. Error bars 510 
represent standard error.  Letters above bars identify significant differences between groups 511 
through using a GLM ANOVA and post-hoc Tukey test at a 5% confidence limit (F 3, 88 = 5.70; R2 512 
= 42.34%; p = 0.001). The diameter ratio was a significant covariate (p < 0.001) and the parent 513 
stem diameter was not significant (p = 0.909) 514 
Bifurcations in the pre-drilled group that showed the most regrowth around the drill-hole 515 
(embedded or cup-shaped) had a higher strength than those where regrowth had not occurred 516 
(wide-mouthed), which had similar strength to the newly-drilled bifurcations (Fig. 9).  517 
 518 
Braced bifurcations 519 
 520 
For the braced bifurcations the mean diameter of the branches arising from the bifurcations 521 
was 24.59 mm ± 1.01 SE, but the mean diameter of the branches just above the bracing rod 522 
was 28.40 mm ± 1.01 SE.  A paired T-Test identified that a significant adverse taper had 523 
developed in the branches (T1, 13 = 4.75; p < 0.001).  Data was normally distributed (AD28 = 524 
0.643; p = 0.084).  This adverse branch taper was not exhibited by any other bifurcation 525 
type.   526 
Further to this observation, the breaking stress of these braced bifurcations was 527 
additionally calculated based on the section modulus of the smaller branch just above the 528 
steel rod brace and its associated swelling.  This further assessment takes into account the 529 
larger branch that would actually have to be borne by the bifurcation if the brace was not in 530 
place. The mean breaking stress of the braced bifurcations using the section modulus of the 531 
smaller branch at the bifurcation apex was 40.06 MPa ± 2.08 SE (Fig. 7), but when taking 532 
into account the section modulus of that same branch above the brace, the equivalent 533 
breaking stress reduced to only 30.47 MPa ± 1.44 SE.  These two mean breaking stresses 534 
were compared with the mean breaking stresses of the normally-formed bifurcations (Fig. 535 
10). 536 
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 537 
Figure 10: Mean breaking stresses of the normally-formed bifurcations and the two estimates of 538 
the breaking stresses of the braced bifurcations, taking into account the section modulus of 539 
the smaller branch either below or above the brace rod.  Error bars represent standard error.  540 
Letters above bars identify significant differences between groups by using a GLM ANOVA and 541 
post-hoc Dunnett test at a 5% confidence limit (F 3, 77 = 19.32; R2 = 35.59%; p < 0.001). The 542 
diameter ratio was a significant covariate (p = 0.017), with an increasing diameter ratio 543 
resulting in a lowering of breaking stress; the parent stem diameter was not found to be a 544 
significant factor (p = 0.631) 545 
 546 
Wood density at hazel bifurcations 547 
The results of the wood density testing are provided in Table 3.  Statistical analysis of the 548 
data found that all the samples excised from under the branch bark ridge were significantly 549 
denser than those excised from the adjacent stem.  Overall, samples from the side of the 550 
bifurcation apex (n = 161) were 27.1% denser than the samples from the stem and the 551 
highest mean density was found at the apex of the normally-formed bifurcations. 552 
 553 
 Mean wood density (± standard error) of extracted 
sample (Kgm-3), by location 
Bifurcation type Apex Side Stem 
Normally-formed 644.9 ± 4.3  
A 
n = 36 
632.8 ± 5.8  
A 
n = 36 
493.0 ± 6.9  
C 
n = 36 
Bark Included N/A 628.6 ± 5.3  490.9 ± 5.2  
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AB 
n = 57 
C 
n = 57 
Newly-drilled N/A 628.9 ± 5.8  
AB 
n = 30 
488.7 ± 7.6  
C 
n = 30 
Pre-drilled N/A 595.0 ± 4.7  
B 
n = 19 
494.8 ± 12.2  
C 
n = 19 
Pre-split N/A 614.6 ± 5.7  
AB 
n = 5 
503.2 ± 22.5  
C 
n = 5 
Braced 619.9 ± 8.3  
AB 
n = 14 
619.9 ± 11.0  
AB 
n = 14 
480.0 ± 6.7  
C 
n = 14 
 Table 3: Wood density of samples taken from different bifurcation types tested, by location.  554 
Letters (A, AB, B and C) below the mean in each entry identify differences between these means 555 
across bifurcation type and location of xylem extraction, as identified by a GLM ANOVA with 556 
the sample volume as a covariate and post-hoc Tukey test at a 5% confidence limit (F13,357 = 557 
93.94; R2 = 78.09%; p < 0.001).  . Sample volume was not a significant factor in the differences 558 
found in wood density between groups (p = 0.509) 559 
 560 
A significant difference in the wood density of normally-formed and braced bifurcations was 561 
also identified using a GLM ANOVA (F3, 96 = 3.16; R2 = 8.99%; p = 0.028) and post-hoc Tukey 562 
test (Fig. 11).  The samples from the apices of the normally-formed bifurcations were 4% 563 
denser than the samples from the braced bifurcations. 564 
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 565 
Figure 11: Mean wood density of samples excised from the apices and sides of normally-formed 566 
and braced bifurcations.  Letters above bars identify differences between groups by using a GLM 567 
ANOVA and post-hoc Tukey test at a 5% confidence limit 568 
 569 
DISCUSSION 570 
 571 
This study has successfully identified the extent by which both the natural and 572 
experimentally-induced defects weakened these hazel bifurcations and that remodelling can 573 
potentially overcome these defects due to changes in growth probably caused by mechanical 574 
strain.  575 
 576 
Bark-included bifurcations 577 
The findings from this assessment of bark-included bifurcations support those of Slater and 578 
Ennos (2015), in that bifurcations with wide-mouthed bark inclusions were significantly 579 
weaker than those with a cup-shaped morphology and that overall the bark-included 580 
bifurcations had only 72.8% of the strength of the normally-formed bifurcations.  Those 581 
bifurcations with embedded bark can be considered as ones that have remodelled 582 
successfully to occlude the bark which would otherwise have weakened them substantially.   583 
 584 
Drilled and pre-drilled bifurcations 585 
Interestingly, the bifurcations that were drilled at the point of testing were found to have the 586 
same mean breaking stress as the bark-included bifurcations.  Both of these bifurcation types 587 
lack the interlocking wood grain pattern at the apex of the bifurcation, as found using CT 588 
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scanning by Slater et al. (2014), the former type by having it drilled out, the latter type by 589 
failing to develop it sufficiently. 590 
The pre-drilled bifurcations showed progressive recovery of their bending strength by 591 
remodelling around the initial drill holes created and the dysfunction in adjacent tissues (Fig. 592 
6a; Fig. 9).  The level of recovery varied substantially: among other factors, this may have 593 
been due to the different positions that these bifurcations had within the crowns of the hazel 594 
trees.  Given the widely accepted principle of thigmomorphogenesis in plants and the evidence 595 
of atrophy in the braced bifurcations in this study, the bending moments experienced by 596 
these bifurcations when growing in-situ are likely to be linked to the extent of their 597 
remodelling around these drill holes; however, to verify this, such bifurcations would need to 598 
be the subject of a more detailed analysis using tilt meters or accelerometers to assess them 599 
for differences in movement under dynamic wind loading.  This remodelling will be related 600 
both to the initial wounding and the subsequent additional mechanical strain under dynamic 601 
loading (Steucek and Kellogg, 1972). 602 
 603 
Split bifurcations 604 
It is clear from the observations of wind-induced failure in 80% of these modified bifurcations 605 
that their factor of safety was compromised by initially inducing the splits in their apices.  606 
The five bifurcations that remained intact had remodelled lower down the parent stem, after 607 
the propagating crack had been arrested by a major change in wood grain pattern and 608 
direction.  This finding strongly suggests that the interlocking and denser wood at the apex 609 
of a hazel bifurcation is much-needed to prevent the initiation of cracks which would result 610 
in them splitting apart under the loading imposed by normal conditions.  It should be noted 611 
that no other bifurcation type was observed to exhibit any wind-induced failures over the four 612 
year period of this experiment.  This implies that the bark-included and drilled bifurcations 613 
in this study had a factor of safety high enough that they could persist under the loading 614 
conditions which resulted in 80% of the split bifurcations failing over three growing seasons.   615 
 616 
Braced bifurcations 617 
Despite the reduced number of replicates for this bifurcation type, the strength of the 618 
bifurcations and the wood density of the bifurcations’ apices, when compared with normally-619 
formed bifurcations, strongly suggests that the effect of the rod bracing was that these 620 
bifurcations atrophied in terms of their mechanical development.  In contrast to the drilled 621 
bifurcations, the effect of putting in place a rigid brace will have prevented the braced 622 
bifurcations from experiencing mechanical strains at their apices.   623 
The atrophying effect found was significant but could be argued not to be very substantial if 624 
the diameter of the smaller branch at the bifurcation apex was used to assess the breaking 625 
stress.  This result implies that that mechanical loading is not the sole inducer of further 626 
sapwood developing in a given location: new layers of sapwood are needed for the provision 627 
of new tracheal elements through each component part of a tree’s crown, even though some 628 
components may not experience substantial strains.  However, for arboriculturists 629 
considering installing a rod brace in a tree, they should take into account the subsequent 630 
development of branches with adverse taper, the associated decline in the strength of the 631 
braced bifurcation and its increasing reliance upon the brace over time (Smiley et al., 2000).  632 
In this study, if the braced bifurcations were required to support the arising branches once 633 
the brace was removed, then these bifurcations had only 70.5% of the strength of the 634 
normally-formed group and their factor of safety would have been substantially eroded. 635 
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 636 
Wood density 637 
All the xylem formed under the branch bark ridge was substantially denser than that found 638 
in the adjacent parent stem, for all bifurcation types.  A heightened wood density at the 639 
bifurcation is likely to result in a higher breaking stress for this component (Slater and Ennos, 640 
2013), although it is only one factor amongst many that will affect the breaking stress of any 641 
given bifurcation.  The mean density of the wood formed at the apices of the braced 642 
bifurcations was 4% less dense than the wood at the apex of the normally-formed 643 
bifurcations, suggesting that wood quality had atrophied in response to bracing. 644 
 645 
Limitations of the study 646 
It is important to acknowledge that this study is based upon data collected from semi-mature 647 
bifurcations in hazel trees, which gives rise to limitations in the scope of the subsequent 648 
findings.  This study is part of a series that has examined bifurcations in this particular 649 
species to provide anatomical and mechanical models which could then be compared and 650 
contrasted to the bifurcations of other woody species by further study.  The physiological 651 
pathways to this remodelling process were not examined as part of this study and could also 652 
be usefully examined in further research. 653 
 654 
Conclusions 655 
 656 
The denser xylem formed at the apex of bifurcations in hazel (and in other tree species) plays 657 
a key function in preventing failure at the junction (Slater and Ennos, 2013).  Although the 658 
role of this modified xylem is important in supplying a higher bending strength, its absence 659 
does not necessarily result in bifurcation failure: connections formed either side of the 660 
bifurcation apex can clearly be adequate to give four years’ longevity or more to the juvenile 661 
bifurcations tested in these semi-mature hazel trees.  662 
From the pre-drilled bifurcations in this study, it is clear that they can satisfactorily remodel 663 
around an induced injury or defect and recover their full bending strength over time.  This 664 
compliments the analysis of Slater and Ennos (2015) that remodelling around included bark 665 
can also fully recover the strength of bifurcations in hazel.  This process of repair was not 666 
uniform amongst the bifurcations in this study, and further research could seek to find key 667 
factors that relate to the rate of repair of such bifurcations.  In contrast, if the hazel 668 
bifurcation is split at its apex, although it has the potential to remodel, it is much more likely 669 
that it will fail completely under further wind-loading due to the initial crack propagating 670 
further down the stem.  If a rod brace is installed above a hazel bifurcation, then development 671 
of the bifurcation will atrophy, identifying that thigmomorphogensis plays an important role 672 
in the mechanical development of bifurcations.     673 
 674 
These findings help to measure the extent and degree of the remodelling of such 675 
bifurcations with different treatments, and could assist in determining a factor of safety for 676 
this component of a tree’s crown.  Further modelling needs to be extended beyond static 677 
rupture tests, to investigate the movement behaviour of bifurcations under dynamic wind 678 
A 
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loading, which is considered to be a key factor in the impetus for bifurcations to remodel 679 
after injury or occlude a naturally-occurring mechanical flaw, such as a bark-inclusion.  680 
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